Sether, D. M., Ullman, D. E., and Hu, J. S. 1998. Transmission of pineapple mealybug wilt-associated virus by two species of mealybug (Dysmicoccus spp.). Phytopathology 88:1224-1230.
Mealybug wilt of pineapple (MWP) is one of the most serious diseases of pineapple (20, 42) and occurs worldwide in all the major pineapple production areas (J. S. Hu and D. M. Sether, unpublished data) . The etiology of the disease is unknown, although mealybugs and ants are known to be involved in the epidemiology (4, 8, 14, 27) . Two species of mealybug, the pink pineapple mealybug, Dysmicoccus brevipes (Cockerell), and the gray pineapple mealybug, D. neobrevipes Beardsley, have been associated with MWP (4, 14) . Several species of ants are associated with mealybugs (4, 14, 39) . The ants assist in the establishment of mealybug colonies (13, 14, 42) , consuming the honeydew produced by the mealybugs (37) , and can have a suppressive effect on the mealybugs' natural enemies (16, 29) . Efforts to control the spread of MWP are often directed at control of the ants. An early hypothesis for the cause of MWP suggested that toxins present in the salivary secretions of mealybugs were responsible for the symptoms of this disorder (8, 10) . However, it was later noted that symptoms rarely appeared if mealybugs were fed on healthy seedling plants prior to being transferred to test plants (11) . Furthermore, symptoms frequently appeared if mealybugs were fed on positive source plants prior to being transferred to test plants (12) . These data led to a modified hypothesis that suggested the involvement of a latent transmissible factor in the disease (14) .
Nearly a decade ago, flexuous closterovirus-like particles were isolated from pineapple plants expressing MWP symptoms (22) (23) (24) . Such particles were repeatedly isolated from plants in Hawaii and Australia (22, 25, 26, 47, 48) and have been detected in samples worldwide (J. S. Hu and D. M. Sether, unpublished data). Undoubtedly, clonal propagation of infected pineapple material through crowns and slips, which has continued for decades, has contributed to the prevalence of this virus in pineapple throughout the world. The involvement of the closterovirus-like particles in the development of mealybug wilt remains unclear. This virus has formerly been referred to in the literature as pineapple closterovirus (25, 26) . Because of the observed association between disease symptoms and mealybugs (25; D. M. Sether and J. S. Hu, unpublished data), pineapple mealybug wilt-associated virus (PMWaV) has been proposed as the name for this virus, following the convention used for grape leafroll-associated closteroviruses (1) . The physical characteristics of this nonmechanically transmissible virus tentatively place it in the monopartite genus in the family Closteroviridae (1) .
A major factor hindering PMWaV transmission work has been the lack of a rapid and reliable detection assay. Symptomology alone is insufficient for determining the absence of PMWaV, because pineapple plants can host the virus without expressing wilt symptoms (25, 26, 47, 48) . In addition, symptom expression is also variable and apparently linked to factors such as environmental conditions, mealybug populations, and pineapple genotype (11, 15) . Recently, monoclonal antibodies were produced against a Hawaiian PMWaV isolate (26) . Utilizing these antibodies in tissue blot immunoassays (TBIA) and immunosorbent electron microscopy (ISEM) provides a means of determining the PMWaV status of plant material (25) . The ability to distinguish infected and uninfected plants enables the evaluation of mealybug acquisition and transmission characteristics of PMWaV. Although previous evidence supports the association between mealybugs, PMWaV, and MWP (26; D. M. Sether and J. S. Hu, unpublished data), mealybugs have not yet been proven to transmit PMWaV between pineapple plants. The experiments described here were designed to test the competence and efficiency of D. brevipes and D. neobrevipes as vectors of PMWaV in pineapple. A preliminary abstract of this work has been published (45) . ments were females, because males are not present in Hawaii (3) . D. neobrevipes mealybugs were collected from Agave sp. and maintained in a separate facility on agave and the fruit of Danish (C. pepo L.) and kobacha (C. maxima Duchesne) squash. Both sexes of D. neobrevipes are present in Hawaii, and both were used in these experiments. Voucher specimens of the two colonies were cleared and mounted following published procedures (50) . Identifications were made following published keys (2, 49) .
Plant material. Crowns, the vegetative propagules on top of pineapple fruits (30) , were collected from a plantation-grown selection of Ananas comosus (L.) Merr. cv. Smooth Cayenne and rooted under insect-free conditions. Crown-derived plants were approximately 5 months old at the time of D. brevipes introduction. Pineapple plants were also started from seed and multiplied through tissue culture (52) . Seed-derived plants were established in soil 1 or 3 months prior to D. neobrevipes and D. brevipes introductions, respectively. TBIA (25) was used a minimum of three times over several months to establish the PMWaV status of each plant prior to mealybug exposure. The PMWaV status of each plant remained unchanged for the period preceding mealybug introduction. PMWaV source plants for initial D. brevipes experiments were established from PMWaV-infected crowns collected from a commercial plantation in Hawaii (26) . Source plants for later work were seed-derived or PMWaV-free crown-derived plants infected with PMWaV by D. brevipes or D. neobrevipes.
Tissue blot immunoassay. TBIA for PMWaV was used in conjunction with ISEM for virus assays. A single leaf from the upper one-third of the stem or crown was pulled out and assayed for PMWaV by TBIA as previously described (25) . Briefly, a freshly collected leaf was cut transversely with a razor blade across the white portion at the base of the leaf. The cut edge was pressed onto nitrocellulose membrane, Nitro ME (Micron Separations, Inc., Westboro, MA), and incubated with PMWaV-specific monoclonal antibody 35-6-5 (1 µg/ml) (26) and goat anti-mouse alkaline phosphatase-conjugated antibody (1:1,000 dilution) (#A5158; Sigma Chemical Co., St. Louis) in Tris-buffered saline (50 mM Tris-HCl, pH 7.5, and 50 mM NaCl). Membranes were developed in 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (#5655; Sigma Chemical Co.), vacuum-dried, and assessed with the aid of a dissecting microscope. When using TBIA on very young seed-derived test plants, leaves with actively feeding mealybugs and with enough rigidity to be blotted were selected for virus detection. The leaf was rolled longitudinally, cut transversely, and blotted on membranes as described above. Sequential cuts and blots were made up the leaf at approximately 6-mm intervals.
Electron microscopy. ISEM and negative-stain transmission electron microscopy were used on crude and gradient-purified preparations made from arbitrarily selected plants as previously described (26) . Formvar-coated, carbon-stabilized grids (Ted Pella, Inc., Redding, CA) were stained with an aqueous solution saturated with uranyl acetate (Ted Pella, Inc.) and observed using a Zeiss 10A transmission electron microscope (Carl Zeiss, Inc.; Oberkochen, Germany).
Experimental conditions for D. brevipes transmission. Mesh cages, 1 × 1.5 × 1 m (length × width × height), were constructed to contain all stages of D. brevipes and exclude other arthropods. Cage legs were set in water traps, and Amdro granular insecticide (American Cyanamid Co., Wayne, NJ) was used around the cages for ant control when necessary. Cages were enclosed in a ventilated, white-washed greenhouse where temperatures ranged from 21 to 32°C. Each treatment was carried out in a separate cage, and the experiment was performed twice without ants and twice with the addition of ants. Three treatments were used. These consisted of (i) crown-derived plants with and without PMWaV that were maintained mealybug free for the duration of the experiment; (ii) PMWaV-free, crown-and seed-derived plants; and (iii) PMWaVinfected crown-derived plants placed randomly among PMWaV-free crown-and seed-derived plants. The same pattern of plant placement was used for all replicates for treatment set 3. Approximately 3,000 to 4,000 D. brevipes immatures and 50 to 100 adults reared on squash were initially introduced to cages containing treatments 2 and 3. In the case of treatment 3, D. brevipes was added only to PMWaV-positive plants and allowed to move to PMWaVfree plants naturally. All plants within a cage were in direct contact with adjacent plants. Ants (Pheidole megacephala (Fabricius)) used in the later two trials were introduced by placing a colony established in a 1-gallon pot containing a PMWaV-free, seedderived pineapple plant inside the cages of treatment 3. Due to availability, the PMWaV-free plants used in ant experiments were all seed derived.
Experimental conditions for D. neobrevipes transmission. PMWaV source plants were either directly from commercial plantations or crown-or seed-derived plants previously infected with PMWaV by D. brevipes. PMWaV-free plants were either crownor seed-derived plants with no previous mealybug exposure. The white portions at the basal end of PMWaV-free leaves were placed in deep petri dishes lined with #1 filter paper (Whatman, Hillsboro, OR), and gravid D. neobrevipes females were added. Nymphs produced were gently transferred with a camel hair brush every 3 days to new petri dishes with either PMWaV-free or -infected detached leaves. Infected leaves were changed every 2 to 4 days. Mealybugs used for acquisition studies were only given an acquisition access period (AAP) to PMWaV-infected leaf material during the instar or age period being tested. The age groups used were firstand second-instar immatures of both sexes, third-instar immature females, newly gravid adult females, older gravid females (over 20 days into the larvapositional period), and post-larvapositional females no longer producing offspring. The AAP lasted 5 to 7 days before mealybugs were transferred, in groups of 20, to PMWaVfree seed-derived plants for the inoculation access period (IAP). Groups of 1, 5, 10, 20, and 40 third-instar immatures reared on either PMWaV-free or -infected leaf material were transferred to young seed-derived pineapple plants for vector efficiency studies.
A detached leaf method was also used for testing the ability of both species to acquire and transmit from plants infected with PMWaV by the other mealybug species. Prior to the AAP, PMWaVinfected leaves were wiped clean to insure against cross-contamination of species. Squash-reared D. neobrevipes immatures were placed on clean, detached infected leaves from previous D. brevipes transmission trials, and D. brevipes were placed on PMWaV leaves infected by D. neobrevipes. Immatures were transferred after 4 days to PMWaV-free seed-derived plants for the IAP.
D. brevipes and D. neobrevipes experiments were performed in separate facilities. Transmission experiments comparing acquisition ability of the different age classes of D. neobrevipes were replicated four times with five plants for each replicate, except for those with post-larvapositional females, which were only replicated three times. Experiments with varying numbers of third-instar immatures were repeated three times with 15 plants for single immatures and 5 plants for all other groups. Plants were kept separated and placed in individual water traps to avoid cross-contamination by D. neobrevipes immatures from other plants. The threat of crosscontamination by mobile winged males was disregarded because of their lack of externally developed mouthparts (27) . D. neobrevipes mealybugs fed on PMWaV-free leaves were included as negative checks in all trials. Test plants were subjected to TBIA as early as 20 days following the IAP and at various subsequent intervals. ISEM and negative-stain electron microscopy were used to confirm TBIA results in arbitrarily selected plants.
Statistical analysis of D. brevipes experiments. The independent (time) and dependent (percentage of disease) variables from each replicate within the two experiments with and without ants were fit to linear regression models, forcing the origin through zero. A 95% confidence interval was calculated for the difference between slopes of the two replicates within each experiment (7) . If the confidence interval included zero, then the replicates were treated as if they were estimating the same population and pooled. Pooled replicates for each treatment were fit to linear, exponential, logistic, Gompertz, and monomolecular models (7) using SAS general linear model (GLM) analysis (SAS Institute, Cary, NC). The independent variable was (percentage of disease + 0.1)/100. Goodnessof-fit was evaluated by visual assessment of the residual plots, back-transformed R 2 values, and mean square for errors. The two population regression coefficients for slope were tested for equality with a one-tailed test using Student's t test. The hypotheses were H 0 = β 1 ≤ β 2 ; and H a = β 1 > β 2 , rejecting H 0 if t ≥ t α = 0.05, 18 df , in which β 1 and β 2 are the slopes of regression lines with and without ants, respectively (51) . Confidence intervals (95%) were calculated for the two regression lines representing pooled replicates (7) .
Statistical analysis of D. neobrevipes experiments. The abilities of different age groups to acquire and transmit PMWaV were compared with one-tailed Mann-Whitney tests for tied ranks (α = 0.05) (17) . Measurements used for comparison were the proportion of infected plants in each replicate within a treatment. The treatments, each containing four measurements, were compared only with treatments from the same sampling period. The transmission experiments using different numbers of immature treatments were compared in a similar manner, but had three measurements per treatment. Probability of transmission by a single insect (p) was estimated using p = 1 -(1 -I) 1/k , in which I was the proportion of positive plants detected with TBIA and k was the number of insects tested per plant (46) .
RESULTS

Transmission by D. brevipes. Pink pineapple mealybugs (D.
brevipes) reared on squash acquired PMWaV from infected crownderived pineapple plants and transmitted the virus to previously PMWaV-free plants, where it was detected by TBIA (Tables 1 and  2 ) and ISEM (Fig. 1) . When PMWaV-free plants were caged with D. brevipes-infested PMWaV-infected plants with no ants present, PMWaV was detected in 100% of the crown-and seed-derived plants after 150 days (third sampling date) and 220 days (fifth sampling date), respectively (Table 1) . When ants were present, PMWaV was detected in 100% of the seed-derived plants after 175 days (fourth sampling date) ( Table 2 Based on 95% confidence intervals for pairs of replicates within the two experiments with and without ants, the replicates were estimating the same population and were pooled for further analyses. Simple linear regression models provided the best fit for the two experiments with and without ants ( Table 3 ). The simple linear regression equations derived using pooled replicates were Y = 0.478x for PMWaV spread in the absence of ants and Y = 0.615x for virus spread in the presence of ants (Fig. 2) . Comparison of the confidence intervals for the two regression lines for ants and no ants indicated that the lines were different (P < 0.0001). A one-tailed test for equality of the two population regression coefficients for slope resulted in a t value of 4.16 with 18 df (P < 0.0005), supporting rejection of the null hypotheses (H 0 ) (β 1 ≤ β 2 ) in favor of H a = β 1 > β 2 and allowing the conclusion that ants had a positive effect on virus spread.
Transmission by D. neobrevipes. Gray pineapple mealybugs (D. neobrevipes) are also competent vectors of PMWaV (Table 4) . Immatures and gravid females were able to acquire and transmit the virus. Second-and third-instar immatures were significantly more efficient vectors than first instars and gravid females (0.025 ≤ P < 0.05). Third-instar immatures were marginally more efficient than second instars (0.05 < P < 0.10). Gravid females given an AAP less then 20 days after molting were significantly more efficient vectors than gravid females given an AAP 20 days after molting (0.025 ≤ P < 0.05). Test plants exposed to post-larvapositional females did not develop any PMWaV infections. No mealybugs transmitted PMWaV when fed only on virus-free leaves.
Exposure to groups of 10, 20, and 40 viruliferous third-instar immatures resulted in significantly more infections than either single or groups of five viruliferous immatures (0.05 ≤ P) ( Table 5 ). Viruliferous immatures were reared on PMWaV-infected detached leaves beginning from the first instar. PMWaV infections were detected in 100% of the plants 75 days after being infested with 20 viruliferous immatures. Eight PMWaV infections were detected 20 days after the IAP, although the majority of infections were detected after 30 days or more. Using the actual transmission rate observed for groups of five third instars, the estimated probability (P) of transmission by a single insect was 0.043. The actual observed proportion of infected plants after exposure to a single third-instar mealybug was 0.044 (2/45) . When the probability of transmission was calculated using groups of 10, 20, or 40 immatures, estimates were 0.085, 1.000, and 1.000, respectively.
Virus detection and acquisition from sources infected by the other mealybug species. In many cases, the initial virus infection was detected only in single or a few major vascular bundles of a single leaf (Fig. 3A) . Closterovirus infection of a single vascular bundle could be detected from the point of leaf attachment to within 2 cm of the leaf tip, but was not detected in other vascular elements of the same leaf. Generally, virus could be detected in most major and some minor vascular bundles of plants infected with PMWaV for more than 60 days (Fig. 3B) . Nonviruliferous D. brevipes mealybugs acquired and transmitted PMWaV from detached leaves or entire plants previously infected with PMWaV by D. neobrevipes. Likewise, D. neobrevipes mealybugs were able to acquire and transmit PMWaV from plants infected with PMWaV by D. brevipes (data not shown).
Detached pineapple leaves with PMWaV present in major vascular bundles were suitable for acquisition access feeding for at least 3 days. Virus could be consistently detected in infected detached leaves that were used for the AAP for 3 to 15 days after detachment (data not shown). Seed-derived plants with no previous exposure to mealybugs were always 100% PMWaV free.
DISCUSSION
We have demonstrated that both the pink pineapple mealybug (D. brevipes) and the gray pineapple mealybug (D. neobrevipes) can acquire and transmit PMWaV. Mealybugs are also known vectors of other plant viruses including the closteroviruses grapevine leafroll-associated virus 3 (GLRaV-3) (6,18,38), little cherry virus (40) , and sugarcane mild mosaic virus (32, 33) ; the trichoviruses grapevine virus A and B (GVA and GVB, respectively) (19, 31, 43, 44) ; and an expanding list of badnaviruses (33) (34) (35) .
PMWaV can be spread by D. brevipes in the presence or absence of ants, but a higher rate of spread is associated with the presence of ants (Fig. 2) . The reason for this is unknown. The ants consume the honeydew of the mealybugs, which reduces the occurrence of sooty mold associated with the honeydew (9, 37) . It is possible that the presence of the ants improves the population growth rate or survival of the mealybugs. Another possibility is that the presence of the ants modifies the behavior of the mealybugs, resulting in a faster rate of plant colonization. It should be noted that the number and type of plant material included in the cages in the experiments with and without ants were different (Tables 1 and 2) ; there were more seed-derived plants in the cages with ants. The effect of this, if any, is unknown. The ratio of virus source plants to healthy plants in experiments with ants was 1:2 (0.50) and without ants was 9:14 (0.64). If the rate of spread was positively biased by the proportion of infected plants, then the estimated rate of spread in the absence of ants would be greater than that observed. Instead, the rate of spread in the presence of ants was significantly greater even in the presence of such possible bias. Ants also have an impact on mealybug populations in the fields of commercial pineapple plantations around the world (39, 41) . Control of mealybugs and the associated MWP is largely achieved by controlling the ants (4, 13, 42 ).
These results demonstrate that second and third instars of D. neobrevipes are more efficient at acquiring PMWaV than first instars and gravid females (Table 4) . Pseudococcus longispinus (Targioni-Tozzetti) mealybugs are also more efficient vectors of GVA than Pseudococcus longispinus adults (44) . Because the mealybugs were allowed to feed for the entire duration of the transmission portion of the experiment, it could not be ascertained whether or not particular developmental instars or stages were more efficient at transmitting the virus. The retention time for GLRaV-3, another mealybug-transmitted virus, in the vector Planococcus citri is approximately 24 h (6). If the retention times for PMWaV in its mealybug vectors are similar, then the results in Table 4 would also represent relative vector efficiencies at different developmental periods. Additionally, viruses such as GLRaV that are transmitted in a semipersistent manner are not generally retained through molts (21) , further suggesting that the observed results (Table 4) reflect virus transmission efficiencies of the different stages. Only 5% of the plants exposed to the older gravid females (AAP 20 days after molting) developed infections (Table 4 ). This lack of efficient transmission by older gravid females could have been due to cessation of feeding during the IAP. These older gravid females had their stylets inserted into the acquisition source leaves before they were transferred for the IAP. It is possible that the feeding interruption caused by the transfer at this stage interferes with future feeding during the IAP. Post-larvapositional females did not transmit PMWaV. We observed that mealybugs in this age group did not have their stylets inserted in the acquisition source leaves immediately before being transferred, and it has been noted previously that this age group does not normally feed (28) .
Exposure of each of the test plants to 20 older gravid D. neobrevipes females resulted in only 1 out of 20 (5%) plants developing a PMWaV infection, even though many immatures were produced and fed on the same test plant. If PMWaV were transovarially transmitted to these immatures, the infection rates should have been much higher because of the greater number of vectors present. Since this was not found to be the case, it is likely that PMWaV is not transovarially transmitted in D. neobrevipes.
The calculated probability of transmission using groups of five immatures (0.043) equals the actual observed infection rate (4%) ( Table 5 ) with single D. neobrevipes immatures. The transmission probability estimated and demonstrated for PMWaV by D. neobrevipes is similar to the previous estimate of 0.02 for GLRaV-3 by Planococcus citri (6), the 0.01 to 0.03 estimated for GLRaV by Pseudococcus calceolariae (38) , and the 0.03 to 0.08 estimated for GLRaV-3 by Pseudococcus longispinus (38) . The probability of PMWaV transmission using larger groups of insects (k = 10, 20, or 40) resulted in predicted efficiencies of 0.085, 1.000, and 1.000, respectively. Higher probabilities, 0.07 to 0.11, were estimated for transmission of GLRaV by Pseudococcus calceolariae when 20 to 30 vectors were used (6) . Statistical bias is expected when k > 5, because of increasing mean square errors (5, 7, 46) . However, the difference between the calculated probability using 10 immatures per plant (0.085) and actual transmission results using single immatures (0.04) could also suggest a behavioral or virus dosage effect when larger numbers of vectors are used. The predicted probabilities using 10 immatures may be a reflection of such behavioral or dosage threshold phenomenon when multiple vectors are present on the same plant.
TBIA results showed that PMWaV infection was initially limited to a few vascular bundles. Presumably, these were the bundles that had initially been fed on by viruliferous mealybugs. Once PMWaV was introduced into the phloem by mealybug feeding, it moved systemically to the major, and often the minor, vascular bundles of other leaves. PMWaV was never detected in tissue outside the vascular bundles. This apparent phloem limitation is characteristic of closteroviruses (36) .
Virus could still be detected in detached pineapple leaves up to 15 days after removal from plants. This raises the possibility that rogued, infected plants left in the immediate proximity of pineapple fields may act as PMWaV reservoirs. The presence of numerous grasses and weeds that play host to mealybugs in or near pineapple fields could act as PMWaV reservoirs if they are found to be virus hosts. Screening and transmission studies to identify alternate or propagative hosts of PMWaV are currently underway.
The use of mealybugs to transmit PMWaV provides a tool for evaluating the role of PMWaV in MWP. Representatives of pineapple species and cultivars from the Agriculture Research Service-National Clonal Germplasm Repository previously found to be PMWaV free (25) are currently being challenged with PMWaV viruliferous mealybugs in an effort to find PMWaV-resistant germ plasm. Insect transmission of PMWaV will also be used to evaluate transgenic pineapple plants engineered for resistance to PMWaV infection.
